INTRODUCTION
Because of its commercial importance, amorphous Se has been investigated extensively and is one of the most understood amorphous semiconductors. One advantage of Se over other amorphous materials such as Si and Ge is that it can be prepared either in bulk form by quenching fiom the liquid state or as thin films. Most studies on amorphous Se have dealt with thin films prepared by evaporation. A complicating feature is that Se crystallizes in two different structures. The stable form is trigonal, in which the atoms are arranged in spiral chains. A metastable monoclinic form exists which is built up by finite molecules in the form of Se, rings. Since the short-range order of corresponding crystalline and amorphous materials is generally the same, the question arises whether the two types of short-range order, i.e. chains and rings, are present in amorphous Se.
Amorphous Se has played an important role in the understanding of the electrical and optical properties of amorphous semiconductors. The concept of the formation of "charged dangling bonds" was origmally applied to the case of Se. It is generally accepted that isolated coordination defects can occur in the noncrystalline state. Any chain end of amorphous Se will be the site of a dangling bond. This isolated defect contains one electron and is electrically neutral. Mott et al. [I] postulated that neutral dangling bonds are transformed into positively and negatively charged dangling bonds. According to this view an electron is transferred fiom one neutral dangling bond (DO) to another which becomes negatively charged @-), containing two spin-paired electrons. The other Se site which has an empty orbital forms a bond with the lone pair of a neighbouring atom. The defect now becomes threefold mdinated and positively charged (D+). The idea of spin-paired electrons at dangling bond sites has later on been extended to other amorphous semiconductor systems as well. The model has been compared in detail with a variety of experimental data. An important observation in amorphous chalcogenide semiconductors containing sulphur, selenium or Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:19955131 tellurium is the shift of the optical absorption edge to lower energies ("red " shift) or higher energies ("blue" shift). This photo-induced change has primarily been studied in thin films of arsenic chalcogenides (As$,, &Sq) and germanium chalcogenides (GeS,, GeSQ. The films used in these investigations were prepared by vacuum evaporation. Little is known about this phenomenon in amorphous Se. Observation of photo-darkening i.e. a shift of the optical gap to lower energies has previously been reported [2-41 when Se films were illuminated at low temperatwe (77 K). It is interesting to examine the origin of photo-darkening in this elemental chalcogenide material, since it is built up only with homo-bonds.
In our study we have prepared films of amorphous Se by plasma-enhanced chanical vapour deposition (PECVD). This technique, although widely applied for the production of amorphous silicon, has rarely been used for the deposition of amorphous chalcogenides. We believe that PECVD is a promising technique for growing thin layers of these materials. Some of our previous work devoted to the depositon of amorphous &SI, Ge$,, and -Se,., was published recently [5-3.
MATERIAL PREPARATION
We have deposited thin films of amorphous Se (1 pm thick) in a plasma discharge stainless steel reactor. The experimental set-up, consisting of the reactor, deposition control systems and pumps, has been described in a previous paper [6] . A low pressure plasma of the order of 0.1 mbar was created by an rf discharge (13.56 Mhz) between two parallel plate electrodes, 8 crn in diameter. In all experiments the separation between the powered (top) and grounded electrode (bottom) was kept constant at 3 cm.
The gas flows were controlled by electronic mass flow controllers. The gas pressure was measured and automatically regulated through a butterfly valve by a Baratron pressure gauge. Crystalline silicon and glass substrates were fued on both electrodes. Depositions were made without additional heating of the substrate by a fUmace, but due to heating by the plasma the temperature may rise to about 50°C.
The precursor gases were pure H2Se or a mixture of 15 vol.% H2Se in hydrogen. The amorphous state of the films was checked by X-ray difl6.action. Starting fiom pure H2Se completely amorphous material was obtained However, when the hydride was diluted by hydrogen, the films were partly crystallized. Film growth ccurred only on the grounded electrode. 'Ihe deposition conditions and resulting form of the material are given in Table 1.   Table 1 Precursor gas(es), deposition conditions and form of Se.
'Ihe formation of crystalline material in a hydrogen-rich plasma can probably be explained by a selective etching of the amorphous material. This implies that the etching rate for the ordered material is lower than for the amorphous material, so that the proportion of ordered material will increase during deposition.
A similar explanation has been given for the deposition of micro-crystalline silicon by plasma CVD in a highly reactive hydrogen plasma. cryst. + amorph. cryst. + amorph.
STRUCTURAL. CHARACTERIZATION
From the knowledge that the short-range order in crystalline and amorphous materials is generally the same, it is reasonable to assume that the two existing crystalline allotropes of Se can be present in amorphous Se. The stable form of crystalline Se is trigonal. Its lattice consists of spiral-like chains parallel to the craxis (see Fig. la) . The helices contain three atoms per tum and are in an hexagonal array (close packing for rods) . The interchain bonding is covalent, while the inhachain bonding is due to weaker Van der Waals attractions. Two similar metastable monoclinic forms of crystalline Se exist, amonoclinic Se and pmonoclinic Se. The structural unit in both structures is a finite molecule in the form of a Se, ring (see Fig.lb) . The difference between the a and pmonoclinic allotropes is a different stacking pattern within the respective unit cells. Thus monoclinic Se is molecular, whereas trigonal Se is polymeric. In all three crystalline forms, selenium is twofold coordiiated and the covalent bond length is essentially the same (2.32 A). In the past the structure of amorphous Se has been studied by several authors using different techniques. By ordinary analysis of the X-ray radial distribution functions it is difficult to differentiate rings &om chains and these results have been interpreted in very different manners. A clearer picture of the structure of amorphous Se emerges fiom Raman spectroscopy. These experiments gave evidence that the amorphous state can consist of the two allotropic forms which are mixed together : one is the Se, ring and the other form is the helical chain. We studied the structure of the amorphous Se film by Raman spectroscopy. Measurements were made with the help of a Bruker 66 V spectrometer in a reflection mode using a 1.06 pm YAG : N&3 laser source. The Raman spectrum of an as-deposited Se film is shown in Fig. 2(a) . It shows a strong peak at 250 cm-' and two small bands at 80 and 112
Moreover, a small shoulder appears at 235 cm-' on the 250 cm" band. We also recorded the Raman spectra of an amorphous Se film prepared by vacuum evaporation and of a bulk glass quenched fiom 250°C. Both spectra were similar to that of the plasma CVD film. 'Ihe Raman peaks of amorphous Se have been identified by Lucovsky et al. [8] . They observed a much closer resemblance of the Raman spectrum of melt quenched selenium to that of Se, in monoclinic Se than to that of trigonal Se. In this paper they assigned the dominant peak at 250 cm-' and the smaller bands at 80 and 112 cm-' to vibrations in the Se, ring. In trigonal Se the predominant Raman band lies at 235 cm-'. In a later paper Lucovsky [9] formulated some objections against a structural model which presumes a significant ring h t i o n in amorphous Se. He presented an alternative interpretation of the vibrational spectra that does not require discrete molecules. He proposed a structural model shown in Fig.3 wavenumber (cm -1) wavenumber (cm -1 )
2 : Raman spectra of (a) as-deposited amorphous Se fih, (b) annealed at 150°C for 1 hr.
and based on chains which include both helical chain-like and ring-like segments of the Se atoms (a "meandering" chain). Lucovsky assumed that a band at around 250 cm-' can originate fiom bond stretching vibrations in Se, fragments as well as in chain fragments. If we adopt these ideas then the Raman spectrum of our plasma CVD f i l m indicates that the structure contains predominantly Se, rings and Se, molecular ring fi-agrnents containing 5 and 6 Se atoms. The band at 250 cm-' can be assigned to bond stretching vibrations and the band at 1 12 cm-' to bond bending vibrations in the meandering chain.
The shoulder that appears at 235 cm-' band can be associated with a small &tion of "pure" helical chains. There is another piece of experimental evidence that speaks against a strucM model which assumes a dominant hction of Se, rings in amorphous Se. In the evaporated Se film we observed an identical Raman spectrum. In the past the composition of selenium vapour has been studied by a variety of expimental techniques. It is generally accepted that the vapour contains various types of species with predominance of Se,, Sq, Se6 and Se, fragments. The Se, ring is not a favoured species in the vapour phase and it seems unlikely that a rearrangement of the shorter molecular species to form e i g h t -m d e d rings will occur on the substrate as the amorphous state is deposited. Upon heating at 150°C for 1 hour the f i l m was crystallized The Raman spectrum (see Fig. 2b ) showed a sharp peak at 235 cml and a small shoulder at 250 cm-'. Upon crystallization the meander-like chains and the Se, rings undergo transformation to the orderly army of chains of trigonal Se.
,--Se -FRAGMENT R p 3 : Molecular order in amorphous Se : meandering chain with "chain-like" segments and "ring-like" segments (Se, W e n t s ) (after Luwvsky G. [9] ).
OPTICAL ABSORPTION
Considdle work has been published on the optical absorption in amorphous semiconductors but its interpretation is not straightfornard. In these materials the optical absorption spectrum is usually divided into two parts dealing with optical transitions at energies above and below the mobility gap, separating the extended &om the localized states. Interband transitions between extended states in the valence and conduction band occur in the strong absorption region of the absorption edge. In this region the absorption coefficient a lies between lo3 and lo5 cm-I (transmission range below 15 %).
Most of the experimental data on amorphous semiconductors in the strong absorption region were found to be in agreement with the so-called Tauc law, that is where hu is the photon energy.
The constant E, can be used to define an optical gap. C is a constant indicating how steeply the absorption rises with energy. A notable exception to the quadratic frequency dependence of a was found to be amorphous Se which followed a linear law [lo] . The Se layer used in this expiment was a hotpressed sample obtained fiom a bulk glass. We recorded the optical transmission spectrum at room temperature of an amorphous Se film prepared by PECVD (see Fig.4 ). Two f e e s are immediately apparent : 1. the spectrum shows strong interference fringes and 2. the transmission drops markedly around 650 nm.
The transmission range below 15 % was used to determine the optical absorption coefficient a by inverting the equation where T is the transmission, R the reflectance and d the sample thickness. We measured the reflectance R as a function of wavelength and found a value of 0.27. 
